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 Multi-walled carbon nanotubes (MWNTs) are a nanofiller that has desirable 
multifunctional properties.  They have been shown to offer improved mechanical, 
thermal, and electrical properties in composites.  Research has been studying their 
incorporation into polymer composites.  Polyamide 12 is a polyamide of interest that has 
been manufactured to have lower moisture absorption and higher ductility than other 
commercial polyamides such as 6 and 6,6 at room temperature. 
 In these studies, MWNTs have been incorporated into polyamide 12 at different 
weight loadings and using MWNTs with differing outer diameters.  The composites were 
melt processed and characterized using differential scanning calorimetry (DSC) to 
understand the effects of MWNTs on the crystallization behavior of polyamide 12.  A 
melt peak splitting behavior was observed in the polyamide 12 and composite samples 
when the specimens were not allowed to fully anneal. 
 Total crystallinity in the samples remained the same between the polyamide 12 
and composites when the samples were fully annealed.  Total crystallinity increased by 1 
to 4 percent in the composites over the polyamide 12 when samples were not fully 
annealed.  The addition of MWNTs to the polyamide 12 system increased the amount of 
crystallization contained in the lower temperature melting peak.  An increase in MWNT 
concentration resulted in an increase in the crystallinity contained in the lower 
temperature peak.  The addition of smaller diameter MWNTs resulted in a further 





The goal of the following research was to investigate the thermal behavior of 
carbon nanotubes (CNTs) in a polyamide 12 matrix.  All composites were melt processed 
using the same conditions to minimize the influences of processing conditions.  
Processed samples were pressed into sheets through compression molding and annealed 
before differential scanning calorimetry (DSC).  DSC studies were performed at four 
different cooling rates ranging between 10 °C/min and 40 °C/min to understand the effect 
of CNTs and the mechanics behind the behaviors.  Two variables were studied 
independently to understand the effects of weight loadings and filler characteristic size, 
respectively.  The experiments showed that the addition of CNTs affected the 
crystallization behavior of polyamide 12.  Results showed that both the weight loadings 
and size had very distinct influences.  The data showed that the crystallinity that occurred 
in the secondary shoulder peak increases as a function of the concentration of CNTs in 
the polyamide 12.  The influences from the various sizes of CNTs used showed that the 
smaller diameter CNTs contribute more to the shoulder than the either of the larger 
diameter CNTs used at low cooling rates. 
 
1.1 Nanocomposites 
Polymer nanocomposites have been shown to offer property improvements that 
have not been seen with conventional filler composites.
1-2
  For the same volume loadings 
of fillers, nanocomposites have a higher percentage of interfacial area.  This increase in 
interfacial area has been evidenced by Winey and Vaia
3
 where they compared different 
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filler shapes and characteristic sizes.  This can be seen in Figure 1.1 where as you 
decrease the size of the filler, an increase in the relative area of interfacial polymer 
increases.  Their graph shows the difference between fillers with low aspect ratios and 
high aspect ratios with spheres being in the middle.  An assumption was made in the 
calculations by Winey and Vaia that the thickness of the interfacial area remained the 
same.  Their calculations used an interfacial thickness of 6 nm which is on the order of 
the radius of gyration of a polymer.  When the filler is on the nanometer scale, the 
amount of interfacial area can actually be more than the filler loading.  Their calculations 
compared a 1 µm and 1 nm spherical particle and showed that the amount of interfacial 
area between the particles and polymer as well as the number of particles increases by six 
and nine orders of magnitude, respectively.  The polymer interfacial area has been 
characterized to have different properties than the bulk matrix.
4
  With the introduction of 
this new polymer region, researchers have been able to use lower weight loadings of 
nanofillers than have previously been used for conventional composites.
5




Figure 1.1:  A schematic showing the relative differences in the percentage of interfacial 
area.  At the nanoscale, the interfacial area makes up a bigger part of the composite at the 




1.2 Carbon Nanotubes 
In this thesis, the nanofillers of interest are CNTs.  Following Iijima’s widely 
cited paper in 1991,
6
 there has been overwhelming research concerning the properties and 
applications of CNTs.  CNTs can generally be classified into two main types:  single-
walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs).  
CNTs have desirable multifunctional properties such as high mechanical properties, high 
electrical conductivity, and high thermal conductivity.
7-8
  These inherent properties have 
motivated research concerning CNTs in polymer matrix composites.      
With some of the highest specific strengths and moduli know to date, CNTs have 
presented themselves as an excellent nanofiller.
7
  Treacy et al. showed an average 
modulus of 1.8 TPa for isolated MWNTs.  Their studies showed a general trend in which 
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smaller diameter MWNTs exhibited higher moduli.  Several groups have been able to 
perform tensile tests on isolated MWNTs.
9
  Yu et al. used a method involving two atomic 
force microscopy (AFM) cantilever tips inside of a scanning electron microscope (SEM).  
Upon testing the individual MWNTs, they found that the most common failure 
mechanism was pullout of the inner tubes.  With their results, they calculated tensile 
strengths up to 63 GPa as well as tensile moduli as high as 950 GPa. 
Many researchers have begun to study the use of CNTs in polymer composites as 
a filler.  He et al.
10
 studied different concentrations of MWNTs in a poly(vinylidene 
fluoride) (PVDF) matrix.  Their experiments focused mainly on the α-phase and β-phase 
crystallites.  The α-phase crystallites are the most common in PVDF and characterized as 
alternating between trans and gauche configurations while the β-phase crystallites are 
characterized as an all trans configuration.  They studied composites up to a 
concentration of 2.5 wt.% MWNTs in PVDF in steps of 0.5 wt.% MWNTs and observed 
that the percentage of β-phase crystallites in the samples increased as the concentration of 
MWNTs increased.  Their DSC experiments also showed the appearance of a high 
temperature melting peak that increased in intensity as the MWNT concentration 
increased.  Razavi-Nouri et al.
11
 investigated the effects of SWNT concentration in 
polypropylene (PP).  DSC experiments from Razavi-Nouri et al. showed an increase in 
the crystallization temperature with the addition of SWNTs.  At their highest 
concentrations studied (1 and 2 wt.%), the crystallization temperature began to increase 
further over the neat PP up to a maximum of 11 °C.  Their studies also showed that the 
addition of SWNTs into PP decreased the surface energy needed to form crystallites.  
This phenomenon resulted in an increase in the crystallization rate over the neat PP and 
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increased further with SWNT concentration.  A study by Minus et al.
12
 studied the 
crystallization effects of SWNTs in poly(vinyl alcohol) (PVA).  They fabricated fibrils in 
a dimethyl sulfoxide (DMSO) solution and found that the addition of SWNTs at 1 wt.% 
to the system induced orientation.  The neat PVA fibrils showed no orientation.  The 
SWNTs increased the crystallization in the composite samples from 48% to 84%. 
Few studies have been conducted regarding the effects of the diameter of CNTs 
on the properties of polymer nanocomposites.  Zhang et al.
13
 investigated the effects of 
the size of MWNTs on the fatigue behavior in epoxies.  They used four different 
diameters of MWNTs ranging between 5 nm and 70 nm and found interesting results.  As 
the average diameter of the MWNTs decreased, the rate of crack propagation also 
decreased.  This trend was attributed to the corresponding increase in MWNT number 
density in the sample.  Their results also showed that MWNT length is more important 
than diameter when impeding crack propagation.   Another study conducted by Giraldo et 
al.
14
 investigated the effects of two different diameters of MWNTs in polyamide 6.  Their 
results showed that smaller diameter MWNTs improve the hardness in polyamide 6.  
Some DSC peak splitting was seen in their samples and they observed that the low 
temperature peak of the γ-phase crystallites shifted to a higher temperature in the MWNT 
composites.  Giraldo et al. also reported that the interaction between smaller diameter 
MWNTs and polyamide 6 is stronger than that seen for the larger diameter MWNTs. 
While polymers have a low tensile strength and electrical conductivity compared 
to metals and ceramics, the addition of CNTs into these types of systems works to 
improve these properties while maintaining a low cost.
15
  Liu et al.
16
 produced 
homogeneous composites and studied the crystallization behavior of MWNTs in 
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polyamide 6.  Their neat polyamide 6 samples showed a double peak in DSC scans 
indicating both the γ-phase and α-phase crystallites being formed.  In their MWNT 
composites, results show that the contribution from the γ-phase crystallites decreases and 
that there is a bigger contribution from the α-phase crystallites.  With the α-phase 
crystallites exhibiting higher mechanical properties, Liu et al. propose that this could be a 
reason for the increases in yield strength and tensile modulus.  
 
1.3 Polyamides 
In the area of polymer nanocomposites, several groups have been investigating 
polyamide matrices for their use.
1, 5
  Polyamides are a wide class of polymers that have 
been used in many applications.  Various polyamides have been used for purposes from 
everyday carpet to military parachutes.  Chavarria and Paul investigated the effects of 
nanoclays on the mechanical properties of polyamide 6 and 6,6.
17
  They investigated both 
systems at 270 °C based on some torque experiments that showed that the melt viscosity 
of the polyamide 6 and 6,6 should be similar at that temperature.  Using the same 
temperature for both systems was important in their studies to make sure that the 
organoclay experienced similar degradation during processing.  By adding 
montmorillonite clay (MMT) to both systems, the yield strength and tensile modulus 
were enhanced.  Chavarria and Paul saw larger increases in properties for the polyamide 
6 given the same processing conditions as the polyamide 6,6 samples.  Upon transmission 
electron microscopy (TEM) investigation, they found that the polyamide 6 composites 
had fully exfoliated structures while the polyamide 6,6 had a mixture of exfoliated and 
intercalated structures.  Their results showed that the polyamide 6,6 had a higher degree 
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of crystallinity than the polyamide 6 which could influence the exfoliation behavior in the 
different polyamides.  Polyamide 6 also retained its ductile nature at higher weight 
loadings of the nanoclay.  At 270 °C with 4.9 wt% of montmorillonite clay, the modulus 
and yield strength of polyamide 6 were increased by 67% and 31%, respectively.  For a 
4.4 wt% montmorillonite clay sample of the polyamide 6,6 at 270 °C, the modulus was 
increased by 46% and the samples did not yield.  Studying the same systems as Chavarria 
and Paul, Krause et al.
18
 saw similar comparisons regarding electrical conductivity using 
CNTs as the filler.  In their studies, they varied mixing temperature, time, and speed to 
produce several sets of composites with CNTs mixed in both polyamide 6 and 6,6.  Using 
light microscopy to characterize the macroscopic dispersion, they saw that longer mixing 
times and higher mixing speeds increased the overall dispersion.  When mixing at their 
lowest speed (50 rpm), they saw that increasing the mixing time generally decreased the 
electrical resistivity of the CNT composites.  However when they increased to higher 
mixing speeds (150, 200, and 300 rpm), an increase in mixing time resulted in an increase 
in electrical resistivity.  This was attributed to the shortening of the CNTs.  The higher 
mixing temperatures for both systems resulted in lower electrical resistivity.  This was 
thought to be due to a better wetting of the CNTs from the lower viscosities of the 
polymer matrices.   
Nanoparticle induced crystal phases have been observed in some polyamides.  Wu 
and Liao
19
 studied the interaction between synthetic saponite and polyamide 6.  They 
investigated two different concentrations (2.5 wt.% and 5 wt.%) of saponite in polyamide 
6 through x-ray diffraction (XRD) and DSC.  Upon quenching from the melt, the neat 
polyamide 6 showed XRD peaks from both the α-phase and γ-phase crystallites.  The α-
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phase crystallites are the thermodynamically stable form and are fully extended planar 
zigzag chains whereas the γ-phase crystallites are less stable and consist of pleated sheets 
held together through hydrogen bonding.  When adding 2.5 wt.% saponite into the 
system, they found that this concentration preferred to form the thermodynamic α-phase 
crystallites.  However when they increased the concentration to 5 wt.% saponite, the 
composite preferred to form the less stable γ-phase crystallites.  Their studies showed that 
the crystal behavior was dependent on the nanoparticle content and the thermal history.  
In a different study by Lu et al.
20
, nano-SiO2 was investigated when incorporated into 
polyamide 6,6.  Through DSC experiments, they observed a split melting peak that only 
occurred in the second heating cycle.  At 1 and 3 wt.% nano-SiO2, they saw the low 
temperature peak shift to higher temperatures as compared to the neat polyamide 6,6.  
Their studies also showed no change in the peak melting temperature between the neat 
and composite samples.  Their studies did not characterize this peak splitting but 
mentioned that it could arise due to either a mixed crystal structure or melt-
recrystallization.  In this research the polymer of interest is polyamide 12.  It is a 
polyamide that has been commercialized for its low moisture absorption as well as the 
ability to maintain higher degrees than polyamide 6 of ductility at low temperatures.
21
  It 
has a reported tensile strength and yield stress of 52.4 and 40.7 MPa at room temperature 
and 50% relative humidity, respectively.  The tensile modulus is reported as 2200 MPa at 
the same conditions. 
It has been observed by Sandler et al.
22
 that the addition of MWNTs to polyamide 
12 alters the melting peak.  Using the heating rate of 10 °C/min, their results showed no 
difference between the melting behavior of neat polyamide 12 and the MWNT 
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composites.  However when the heating rate was increased to 30 °C/min, the neat 
polyamide 12 showed a low temperature melting peak that was not seen in the 
composites.  They further investigated the changes and attributed the lack of low 
temperature peak in the composite samples to an exothermic deviation from the baseline.  
These results were independent of MWNT loading.  Zhang et al.
23
 studied the effects of a 
surface modified montmorillonite clay on the properties of polyamide 12.  They reported 
that the addition of MMT increased both the yield strength and tensile modulus.  They 
briefly discuss that the addition of MMT to the system changed the morphology from a 
spherulitic crystal form found in neat polyamide 12 into a lamellar form.  In the MMT 
composites, the crystallites aligned along the surface of the clay particles.  Their DSC 
curves showed evidence that the addition of MMT made the crystallization peak less 
broad and also shifted it to higher temperatures.  One of their figures showed that the 
addition of MMT to the polyamide 12 introduced a low temperature peak in the system 
that was not discussed in detail. 
Several groups have done further research into the crystallization behavior of 
polyamide 12.
24-28
  Northolt et al.
27
 observed that there were monoclinic and triclinic 
structures in polyamide 12 in the early 1970s.  They reported that the monoclinic form of 
polyamide 12 closely resembled the crystal structure found in polyamide 11 with the 
lateral spacing being within experimental error.  Research has shown that four different 
crystal forms are present in polyamide 12:  the γ-phase, γ’-phase, α-phase, and α’-phase.  
Of these, the γ-phase is the most common, thermodynamically stable form and 
characterized as a triclinic phase with a typical melting temperature of 179 °C.
21, 24
  




The γ’-phase has been characterized as also being triclinic in structure with a longer 
periodicity than that seen in the γ-phase and is obtained when the polyamide 12 sample is 
quenched from the melt and has a melting temperature of 175 °C.
29
  Using DSC to 
observe the melting peaks, they report that the α-phase can only be obtained when the 
material is solution cast at low temperatures.  The α-phase crystallites are characterized 
as being monoclinic in structure and having a melting temperature of 173 °C.
29
  From 
their research, annealed samples only resulted in a melting peak that indicated that the γ-
phase was present.  Samples of polyamide 12 that were quenched from the melt showed 
indications of the γ’-phase being present.  The α’-phase has been observed by Li et al.
24
  
They showed that this phase is only present at high temperatures and is present when the 
polyamide 12 is crystallized at 175 °C.  When crystallized at a temperature close to the 
melting point such as this, the α’-phase is the most thermodynamically stable form.  Later 
research by Ramesh
25
 showed that upon cooling of the α’-phase to room temperature the 
crystallites transform into a γ-phase.  The α’-phase has only been shown to exist at these 
elevated crystallization temperatures and disappears upon cooling.  As of that 
publication, polyamide 12 is the only polyamide that showed this behavior.  Other 
polyamides that have been shown to be in the α’-phase at elevated temperatures cool into 




 This chapter will discuss the experiments performed to understand the effect of 
different weight loadings of MWNTs on the crystallization behavior of polyamide 12.  
The size of the MWNTs and the processing conditions were kept constant during these 
experiments.   DSC experiments showed that an increase in secondary peak contribution, 





DuraForm PA from 3D Systems was provided by Loughborough University for 
this research.  It is a powder form polyamide 12 developed for selective laser sintering.  
MWNTs with outer diameters of approximately 12 nm from Thomas Swan, Inc. were 
provided by the High Performance Polymers and Composites (HiPPAC) Center at Clark 
Atlanta University.  For this set of studies and following studies, these MWNTs will be 
referred to as the Elicarb MWNTs.  Composites containing 0.2, 0.5, and 1 wt.% were 
prepared and characterized, and results were compared to those of the neat polymer. 
 
2.2 Processing 
 The polyamide 12 was prepared by drying for 4 hours at 90 °C under vacuum 
before melt processing.  All samples were processed at 190 °C in a laboratory scale batch 
mixer.  A Brabender three-piece mixer was attached to an Intelli-Torque drive unit for 
processing.  Roller blades were used to provide a high shear environment which is 
necessary to break up agglomerated CNT structures.  All samples were mixed for 9 
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minutes at 75 rpm followed by mixing for 1 minute at 90 rpm.  Nitrogen was flowed 
through the system during mixing to reduce degradation.  All samples exhibited similar 
torque vs. time curves.  As shown in Figure 2.1, there was an initial loading peak, 
corresponding to polymer melting, followed by a reduction in torque to a steady state 
value.  All samples exhibited a small torque increase when the mixer speed was increased 
to 90 rpm.  A stock temperature thermocouple was inserted into the system to accurately 
measure the temperature of each sample.  The WinMix computer software was used to 
record the raw torque and temperature data provided by the machine.  The data were 




















Figure 2.1:  Torque vs. time curve of neat polyamide 12.  The spike at the beginning is 
due to loading and initial melting which did not last past one minute in all samples.  The 
increase in torque at 9 minutes is a result of an increase in the speed from 75 rpm to 90 
rpm. 
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 After melt processing, each sample was pressed into 6 x 6 inch sheets that were 
approximately 0.07 inches thick.  This was done at 190 °C under a force of 4 tons for five 
minutes.  The heat was turned off, and the samples were then allowed to cool slowly 
under pressure.  The samples took approximately 5 hours to cool to room temperature.  
Linear calculations estimate this cooling rate to be around 0.5 °C/min.  Prior to any type 
of characterization, all samples were annealed at 90 °C for 4 hours under vacuum.  The 
samples were then allowed to condition for 40 hours at laboratory conditions according to 
the ASTM D 618 standard. 
 
2.3 Characterization 
 DSC was performed using a TA Instruments Q200 DSC.  Samples were measured 
out to be between 6.2 and 6.7 mg each.  Samples were taken from different parts of the 
pressed sheets to get a good representation of the overall system.  Four different cooling 
rates of 10 °C/min, 20 °C/min, 30 °C/min and 40 °C/min were used.  Two trials of each 
sample at each cooling rate were run.  These rates were used to determine the effect on 
cooling rate on the melting peak splitting upon second heating.  The samples were first 
cooled to 0 °C then heated to 200 °C at 10 °C/min and held at 200 °C for 5 minutes.  The 
samples were then cooled at one of the cooling rates mentioned above to 0 °C and held 
for 2 minutes.  The samples were finally heated to 200 °C at 10 °C/min.  Data were 
analyzed from both heating cycles to understand changes in polymer morphology due to 





 The results showed that the addition of MWNTs do not significantly affect the 
overall crystallinity in the samples when the samples are allowed to fully anneal.  
Crystallinity values ranged between 27.8 and 29.1 % for the neat and composite samples.  
The neat sample had a crystallinity value of 28.2 %.  There were not any significant 
changes in the melting temperature during both heating cycles for the neat and composite 
samples.  The melting temperatures of the composites were within 1 °C of the neat 
material.  The crystallization temperature increased between 5 and 8 °C in the MWNT 
composites over the neat polymer without a significant change between the composites.  
A similar effect with the crystallization temperature had been observed by Zhang et al.
23
 
when montmorillonite clay had been mixed with polyamide 12.  Their samples also 
showed no change between the neat polyamide 12 and clay composites with regards to 
the melting temperature.   With an increase in MWNT concentration, the melting peak 
contribution from the γ’-phase crystallites also increased.  The γ’-phase contribution also 
decreased in percentage contribution at higher cooling rates. 
 When looking at the DSC curves between the neat and composite samples, the 
second heat data changed the most dramatically due to the accelerated cooling time from 
the melt as compared to the initial compression molding.  The first and second heat data 
of the neat and composite samples can be seen in Figures 2.2 and 2.3.  In Figures 2.2 and 
2.3, the composite samples have been offset by an arbitrary amount for clarity.    Each 
sample had a common melting peak that arises at approximately 178 °C due to the γ-
phase crystallites.  The neat sample has a clear separation in the melting peak upon 
second heating with a lower temperature melting peak appearing at approximately 172 
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°C.  This peak was attributed to the γ’-phase crystallites of polyamide 12.
26
  When the 0.2 
wt.% of Elicarb MWNTs were added, the γ’-phase peak shifts to higher temperature (175 
°C) and closer to the melting peak at ~178 °C.  Giraldo et al.
14
 reported the same 
phenomenon with MWNTs in polyamide 6.  In their case, the less stable crystal phase (γ) 
shifted towards the thermodynamically stable phase (α) while the peak temperature of the 
α-phase remained unchanged.  This shift makes the γ’-phase crystallite contribution 
appear more as a shoulder to the melting peak as opposed to a separate peak.  
Comparisons between Figures 2.2 and 2.3 indicate that the cooling rate has an effect on 























Figure 2.2:  The neat polyamide 12 and composite samples upon initial heating.  Note 
that there is not any significant peak splitting but there is a peak broadening in the neat 
material and low concentrations. 
Neat 
0.2 wt% Elicarb 
0.5 wt% Elicarb 























Figure 2.3:  The neat polyamide 12 and composite samples upon second heating.  At 
higher concentrations of MWNTs, the melting peak became one broad peak instead of 
two separate peaks.  
 
 Peak deconvolution was performed on the second heating cycle melting peaks to 
further quantify the differences between the neat polyamide 12 samples and the Elicarb 
MWNT composites. The peaks were fitted using two Gaussian peaks by minimizing the 
error.  The area under the peaks was then converted into the percent crystallinity using 
the overall crystallinity obtained from the DSC.  The raw data baseline was established 
from the point at which the derivative of the heat flow showed deviations on each end of 
the melting peak.  Figure 2.4 shows an example of the data analysis done on one of the 
neat samples with a 10 °C/min cooling rate.  The peak position, peak height, and peak 
width were all determined for each Gaussian peak.  The first set of peaks on the neat 
polyamide 12 was chosen to best match the data and was further used as the starting point 
Neat 
0.2 wt% Elicarb 
0.5 wt% Elicarb 
1 wt% Elicarb 
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for parameters for subsequent peak fitting.  Altering all three parameters on each sample 
allowed for the best peak fitting and the temperature shifts that were seen in the γ’-phase 
peak.  Peaks were fit to obtain the highest R
2
 value for each curve.  The minimum R
2
 
value obtained was 0.91 with most curves having an R
2
 value greater than 0.95.  A full 
listing of the peak parameters and R
2























Figure 2.4:  An inverted DSC curve of neat polyamide 12 analyzed using two Gaussian 
peaks.  Peaks were fit by minimizing the error.   
  
Comparisons between the neat polyamide 12 and the MWNT composites revealed 
insight as to their effects.  When the cooling rate was increased, the contribution from the 
γ’-phase crystallites decreased in all cases.  This trend can be observed best for the neat 
polyamide 12 samples where the γ’-phase crystallinity decreased from 7.0% to 2.5% 
when the cooling rate was increased.  This indicated that an increase in the cooling rate 
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deterred the formation of the γ’-phase crystallites.  A 3 to 5 percent crystallinity decrease 
was seen in the neat and composite samples, respectively.  In all samples, there was a 
corresponding increase in the γ-phase crystallinity of approximately the same magnitude.  
The γ’-phase crystallinity values seen in the composite samples were larger than the neat 
polyamide and indicated a shift of the γ-phase to the γ’-phase crystallites in the composite 
samples.  The amount of γ’-phase crystallites increased with the increasing MWNT 
concentration.  However these increases in γ’-phase crystallites were not proportional to 
the increased amount of MWNTs added.  The results from the increased cooling rates 
indicated that the cooling rate had the same effect on the neat polyamide as it did the 
composites.  An increase in the concentration of MWNTs also increased the contribution 














Table 2.1:  Peak splitting crystallinity for the second heating cycle arranged by 
concentration of MWNTs. 
 





10 °C/min 7.0 ± 0.1 13.7 ± 0.1 
20 °C/min 5.4 ± 0.1 13.9 ± 0.1 
30 °C/min 3.8 ± 0.0 16.1 ± 0.0 
Neat Polyamide 12 
40 °C/min 2.5 ± 0.2 17.0 ± 0.2 
10 °C/min 10.4 ± 0.5 11.2 ± 0.5 
20 °C/min 9.3 ± 0.5 12.5 ± 0.5 
30 °C/min 9.5 ± 0.1 12.6 ± 0.1 
0.2 wt% Elicarb 
40 °C/min 7.2 ± 0.1 14.1 ± 0.1 
10 °C/min 13.4 ± 0.0 8.5 ± 0.0 
20 °C/min 9.9 ± 0.1 11.9 ± 0.1 
30 °C/min 11.1 ± 0.2 10.9 ± 0.2 
0.5 wt% Elicarb 
40 °C/min 8.5 ± 0.4 12.6 ± 0.4 
10 °C/min 14.1 ± 0.5 7.5 ± 0.5 
20 °C/min 11.3 ± 0.2 9.9 ± 0.2 
30 °C/min 11.2 ± 0.5 11.2 ± 0.5 
1 wt% Elicarb 
40 °C/min 9.9 ± 0.2 11.1 ± 0.2 
 
The data listed in Table 2.2 details the center positions chosen for the Gaussian 
peaks of each sample.  The data reveals that the peak position for the γ’-phase has a 
dependence on the cooling rate.  As the cooling rate is increased from 10 °C/min to 40 
°C/min, the γ’-phase peak shifts to a lower temperature.  The γ-phase peak position 
shows no dependence on the cooling rate and has a 1 °C range between all samples.  The 
remaining peak parameters and R
2








Table 2.2:  Peak fitting positions for the second heating cycle arranged by 
concentration of MWNTs. 
 
Filler Cooling Rate γ' position (°C) γ position (°C) 
10 °C/min 172.5 ± 0.0 178.7 ± 0.0 
20 °C/min 172.3 ± 0.2 179.2 ± 0.2 
30 °C/min 170.8 ± 0.0 178.7 ± 0.1 
Neat 
40 °C/min 170.4 ± 0.1 178.8 ± 0.1 
10 °C/min 175.1 ± 0.1 178.3 ± 0.1 
20 °C/min 174.6 ± 0.1 178.9 ± 0.2 
30 °C/min 173.7 ± 0.1 178.6 ± 0.0 
0.2 wt% Elicarb 
40 °C/min 173.3 ± 0.2 178.3 ± 0.1 
10 °C/min 175.7 ± 0.2 178.2 ± 0.2 
20 °C/min 175.1 ± 0.1 179.1 ± 0.0 
30 °C/min 175.0 ± 0.0 179.0 ± 0.1 
0.5 wt% Elicarb 
40 °C/min 174.5 ± 0.3 179.0 ± 0.3 
10 °C/min 176.1 ± 0.2 178.5 ± 0.4 
20 °C/min 175.4 ± 0.0 178.6 ± 0.1 
30 °C/min 175.3 ± 0.4 179.0 ± 0.7 
1 wt% Elicarb 
40 °C/min 174.4 ± 0.0 178.4 ± 0.0 
 
The crystallinity data showed overall similarities between the samples.  Using the 
data from all eight samples at each concentration during the first heating cycle, the data 
showed that the crystallinity of the neat and composite polyamide 12 samples showed 
little to no change.  As the results showed, the crystallinity of all samples was within 
experimental error.  These results indicate that MWNT concentration has no significant 
effect on the crystallinity of the matrix when allowed to fully anneal.  Looking at the 
second heating cycle in which the samples were not allowed to fully anneal, the 
crystallinity may increase slightly in the composite samples but it is not statistically 





Table 2.3:  Crystallinity data from the first and second heating cycles arranged by 
concentration of MWNTs. 
 
Filler Cooling Rate 1st Crystallinity % 2nd Crystallinity % 
10 °C/min 20.7 ± 0.2 
20 °C/min 19.3 ± 0.9 
30 °C/min 19.9 ± 0.3 
Neat Polyamide 12 
40 °C/min 
28.2 ± 1.4 
19.5 ± 0.2 
10 °C/min 21.6 ± 0.3 
20 °C/min 21.7 ± 0.6 
30 °C/min 22.1 ± 0.1 
0.2 wt% Elicarb 
40 °C/min 
27.8 ± 3.0 
21.3 ± 0.3 
10 °C/min 21.8 ± 0.2 
20 °C/min 21.7 ± 0.1 
30 °C/min 22.0 ± 0.5 
0.5 wt% Elicarb 
40 °C/min 
28.9 ± 1.1 
21.1 ± 0.2 
10 °C/min 21.6 ± 0.6 
20 °C/min 21.2 ± 0.2 
30 °C/min 22.5 ± 0.2 
1 wt% Elicarb 
40 °C/min 
29.1 ± 1.3 
21.1 ± 0.4 
 
Through all of the samples and every cooling rate, the peak temperature of the 
melting peak did not change much.  The average peak melting temperature across all 
samples was 178.4 °C with a standard deviation of 0.5 °C.  Results showed that the 
addition and concentration of MWNTs influenced the crystal structure of polyamide 12.  
The γ’-phase peak increases significantly with the initial addition of MWNTs and 
continues to increase with further addition.  Fully annealed polyamide 12 composite 
samples did not show a significant change in crystallinity from the neat polyamide 12.  
However when the cooling rate was increased and the samples were not allowed to 






 The results from the data showed that adding MWNTs to polyamide 12 can 
influence the crystal structure.  When higher concentrations of MWNTs were added to 
the polyamide 12, a larger increase in the γ’-phase peak contribution was observed when 
the cooling rate was significantly high.  Reports have shown that the γ’-phase crystallites 
have a longer periodicity than the γ-phase.
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  However this increase in the γ’-phase 
crystallinity does not account for the increase in MWNT concentration.  These results 
could indicate that the 0.2 wt.% MWNT sample has the best dispersion.  The data showed 
that the MWNTs do not significantly change the crystallization behavior of samples in 
which the material is allowed to fully anneal.  The introduction of MWNTs maintains the 
amount of crystallinity at high cooling rates that is lost in the neat polyamide 12.  Future 
work on this system should involve the investigation of higher weight loadings of 
MWNTs.  These experiments would help understand if there is a limit to the amount of 




 This chapter will discuss the experiments performed to understand the effects of 
different size carbon nanotubes on the crystallization behavior of polyamide 12.  The 
weight loadings and processing conditions were kept constant during these experiments.  
The smaller carbon nanotubes offered a larger increase in the γ’-phase peak percentage 
than the larger nanotubes.  As seen in the MWNT concentration results in Chapter 2, 
smaller γ’-phase peak contributions were seen when the cooling rate was increased from 
10 °C/min to 40 °C/min that corresponded with the amount of decrease seen in the neat 
polyamide samples.  A similar result was also seen pertaining to the overall crystallinity 
in the second heating cycle.  An increase between 1 and 4 percent crystallinity was seen 
and was not significantly influenced by the size of the nanotubes used. 
 
3.1 Materials and Processing 
 The same polyamide 12 used in the previous experiments outlined in Chapter 2 
was used for these experiments.  Three different sizes of MWNTs were used for these 
experiments at a weight loading of 0.2 percent.  This concentration was found to reduce 
the amount of agglomeration seen in the composites.  Few-walled carbon nanotubes 
(FWNT) from XinNano Materials, Inc. with a diameter between 2 and 4 nm were 
donated for the research by Professor Otto Zhou.  Larger MWNTs with a diameter ~50 
nm were donated by the Center for Applied Energy Research (CAER) at the University 
of Kentucky.  The Elicarb MWNTs used in Chapter 2 were used as the third size 
comparison.  All MWNTs were unfunctionalized and used as received.  All composites 
 24 
were prepared by melt mixing, compression molding, and annealing as explained in 
Chapter 2.  DSC experiments were performed using the same temperature program as 
described previously.  Data were analyzed from both heating cycles to determine the 
effect of MWNT size in annealed samples and nonequilibrium samples. 
 
3.2 Results 
 The results showed that the diameter of the MWNTs used in the composites has 
an effect on the crystallization behavior of polyamide 12.  Analyzed data showed that the 
contribution from the γ’-phase peak in the composites was further enhanced by using 
smaller nanotubes at the 10 °C/min cooling rate.  At the three higher cooling rates used, 
the size of the nanotubes became insignificant and showed similar results between the 
three size of nanotubes investigated.  As was seen in Chapter 2 during the concentration 
studies, the first heat crystallinity value remained unchanged from the neat polyamide 12. 
 DSC data showed more significant changes between the FWNTs and the larger 
two sets of MWNTs used.  This significant change is thought to be the result of a critical 
size scale where the polymer reacts differently to the nanotubes.  Giraldo et al.
14
 reported 
similar observations in polyamide 6.  They reported that a decrease in the MWNT 
diameter increased the interactions between polyamide 6 and the MWNTs.   As shown in 
Figure 3.1, higher degrees of peak splitting can be observed as the size of the MWNTs 
decreases.  Only the second heat data are shown for the differences as the first heat data 
looked very similar to what was observed in Chapter 2.  The curves have been offset by 
an arbitrary amount for clarity.  The FWNTs show the highest degree of splitting as seen 
in the bottom curve.  They each have a common melting peak at approximately 178 °C 
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which can be attributed to the γ phase crystallites.  The γ’-phase crystallites for these 
























Figure 3.1:  Second heat DSC data for the 0.2 wt% composites.  The FWNT sample 
shows a larger γ’-phase peak.  All γ’-phase peaks were centered at the same temperature 
within error. 
 
 Table 3.1 shows the peak splitting crystallinity data arranged by cooling rate.  The 
smaller MWNTs showed more contribution in the γ’-phase peak when the 10 °C/min 
cooling rate was used.  At the 10 °C/min cooling rate, the FWNT sample shows the 
largest change in γ’-phase peak contribution with an increase of 5.7 percent crystallinity.  
The Elicarb and CAER samples show smaller increases at 3.4 and 4.5 percent, 
respectively.  When the cooling rate is increased to 20 °C/min, 30 °C/min, and 40 
0.2 wt% FWNT 
0.2 wt% Elicarb 
0.2 wt% CAER 
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°C/min, the difference between the MWNT samples disappeared and was the same within 
experimental error. 
 These trends indicated that at the 10 °C/min cooling rate, the number of MWNTs 
seems to dominate the melting peak.  While using smaller MWNTs, there is a higher 
absolute number of MWNTs in the sample for the same weight loadings of material.  The 
smaller nanotubes therefore offer more nucleation sites assuming that the dispersions 
between the MWNT sizes did not change much.  At the 10 °C/min cooling rate, the 
molten polymer is given enough time to flow and rearrange around the smaller MWNTs.  
When the cooling rate is increased to 20 °C/min, the size dependent effects disappeared 
from the samples. 
 
Table 3.1:  Peak splitting data for the second heating cycle arranged by size of MWNTs. 





10 °C/min 7.0 ± 0.1 13.7 ± 0.1 
20 °C/min 5.4 ± 0.1 13.9 ± 0.1 
30 °C/min 3.8 ± 0.0 16.1 ± 0.0 
Neat Polyamide 12 
40 °C/min 2.5 ± 0.2 17.0 ± 0.2 
10 °C/min 12.7 ± 0.0 9.1 ± 0.0 
20 °C/min 8.3 ± 0.9 13.0 ± 0.9 
30 °C/min 8.0 ± 0.1 13.5 ± 0.1 
0.2 wt% FWNT 
40 °C/min 7.0 ± 0.3 14.7 ± 0.3 
10 °C/min 10.4 ± 0.5 11.2 ± 0.5 
20 °C/min 9.3 ± 0.5 12.5 ± 0.5 
30 °C/min 9.5 ± 0.1 12.6 ± 0.1 
0.2 wt% Elicarb 
40 °C/min 7.2 ± 0.1 14.1 ± 0.1 
10 °C/min 11.5 ± 0.4 11.0 ± 0.4 
20 °C/min 8.3 ± 0.1 14.3 ± 0.1 
30 °C/min 8.4 ± 0.9 13.6 ± 0.9 
0.2 wt% CAER 




 Table 3.2 details the center positions of the Gaussian peaks used.  As was seen in 
Chapter 2, the positions of the γ’-phase peaks shift to lower temperatures as the cooling 
rate is increased.  The neat polyamide 12 samples have the lowest γ’-phase peak positions 
and indicates results similar to what was seen by Giraldo et al.
14
  The γ-phase peaks 
remain relatively unchanged and only vary by 1 °C.  The complete list of peak parameters 
along with the R
2
 values are contained in Table A.2. 
 
Table 3.2:  Peak fitting positions for the second heating cycle arranged by size of 
MWNTs. 
Filler Cooling Rate γ' position (°C) γ position (°C) 
10 °C/min 172.5 ± 0.0 178.7 ± 0.0 
20 °C/min 172.3 ± 0.2 179.2 ± 0.2 
30 °C/min 170.8 ± 0.0 178.7 ± 0.1 
Neat 
40 °C/min 170.4 ± 0.1 178.8 ± 0.1 
10 °C/min 175.3 ± 0.1 178.5 ± 0.1 
20 °C/min 174.6 ± 0.0 178.9 ± 0.3 
30 °C/min 173.5 ± 0.1 178.6 ± 0.0 
0.2 wt% FWNT 
40 °C/min 172.9 ± 0.3 178.6 ± 0.1 
10 °C/min 175.1 ± 0.1 178.3 ± 0.1 
20 °C/min 174.6 ± 0.1 178.9 ± 0.2 
30 °C/min 173.7 ± 0.1 178.6 ± 0.0 
0.2 wt% Elicarb 
40 °C/min 173.3 ± 0.2 178.3 ± 0.1 
10 °C/min 175.4 ± 0.0 179.0 ± 0.0 
20 °C/min 174.4 ± 0.0 179.0 ± 0.1 
30 °C/min 173.3 ± 0.1 178.5 ± 0.1 
0.2 wt% CAER 
40 °C/min 172.6 ± 0.0 178.2 ± 0.0 
 
 The crystallinity data showed similarities between all samples.  As was seen in 
Chapter 2, the fully annealed crystallinity in the neat polyamide 12 as well as the MWNT 
composite samples was the same when considering experimental error.  Upon second 
heating of the samples, the crystallinity may have increased some in the composite 
samples, but it is not statistically significant.  The data can be observed in Table 3.3. 
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Table 3.3:  Crystallinity data from the first and second heating cycles arranged by 
concentration of MWNTs. 
 
Filler Cooling Rate 1st Crystallinity % 2nd Crystallinity % 
10 °C/min 20.7 ± 0.2 
20 °C/min 19.3 ± 0.9 
30 °C/min 19.9 ± 0.3 
Neat Polyamide 12 
40 °C/min 
28.2 ± 1.4 
19.5 ± 0.2 
10 °C/min 21.8 ± 0.2 
20 °C/min 21.2 ± 0.5 
30 °C/min 21.5 ± 0.2 
0.2 wt% FWNT 
40 °C/min 
28.9 ± 1.1 
21.7 ± 0.5 
10 °C/min 21.6 ± 0.3 
20 °C/min 21.7 ± 0.6 
30 °C/min 22.1 ± 0.1 
0.2 wt% Elicarb 
40 °C/min 
27.8 ± 3.0 
21.3 ± 0.3 
10 °C/min 22.6 ± 0.7 
20 °C/min 22.6 ± 0.7 
30 °C/min 22.0 ± 0.2 
0.2 wt% CAER 
40 °C/min 
28.5 ± 2.8 




 The addition of different sizes of MWNTs into polyamide 12 showed influences 
that are best observed at low cooling rates.  At a cooling rate of 10 °C/min, the FWNT 
composites showed the largest increase in γ’-phase peak contribution while the Elicarb 
and CAER samples were not statistically different.  This was attributed to the increased 
number of MWNTs present in the composite similar to the results of Zhang et al.
13
 on the 
crack propagation in epoxies.  Even with the increased amount of MWNTs present in the 
FWNT composites, the changes in the crystallization does not account for the amount of 
extra MWNTs present in the samples.  The nanotube ratios are approximately 1000 
FWNT:70 Elicarb:1 CAER assuming the same length.  These results could indicate that 
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the composites with larger MWNTs have better dispersion.  On these size scales, the 
radius of curvature of the FWNTs could be impeding interactions with the polyamide 12.  
The overall crystallinity of the composite samples was not significantly different from the 
neat polyamide 12 samples when both sets were allowed to fully anneal.  Future work on 
these systems should involve investigating the cooling rate effects below 20 °C/min.  
These experiments would give further insight as to how sensitive the size effects of 




4.1 Chapter 2 Conclusions 
 Several conclusions can be drawn from the results of the MWNT weight loading 
studies.  The data showed that an increase in the concentration of MWNTs resulted in an 
increase in the contribution of the γ’-phase peak.  All composite samples in these 
experiments showed an increase in the γ’-phase peak contribution over the neat 
polyamide 12.  This increase was not proportional to the increase in MWNT 
concentration.  These results showed that the MWNTs acted as nucleating agents for the 
γ’-phase peak.  With the γ’-phase having a longer periodicity, it could indicate that the 




4.2 Chapter 3 Conclusions 
 The studying of different sizes of MWNTs resulted in some conclusions about the 
structure of crystallization.  At the cooling rate of 10 °C/min, the FWNT sample showed 
a higher degree of crystallization occurring in the γ’-phase peak while the contribution 
from the Elicarb and CAER nanotubes samples were not significantly different from 
eachother.  All composites in these studies still showed significant increases in γ’-phase 
peak contribution over the neat polyamide 12.  These extra increases in the FWNT 
composites were not proportional to the amount of MWNTs added indicating that the 
CAER nanotubes have the best dispersion.  In the fully annealed samples, there was no 
significant change in overall crystallinity between the composites and neat polyamide 12. 
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4.3 Overall Conclusions 
 The peak splitting data between the weight loading and nanotube size studies 
showed that the two behaviors observed can be used together to dictate the desired 
crystallite structure.  Evidence from the annealing conditions indicate that the bonds 
created between the MWNTs and the polyamide 12 are relatively weak.  The annealing 
phase was able to remove the extra γ’-phase melting peak contribution and resulted in all 
annealed peaks looking the same.  Upon quenching each sample from the melt, the 
polyamide 12 showed some contribution from the γ’-phase crystallites without the 
addition of MWNTs.  This indicates that polyamide 12 has a degree of polymorphism by 
itself which has been observed before.
24-25, 27
  However upon adding MWNTs to 
polyamide 12, an additional increase in the γ’-phase crystallinity could be observed.  
Combining the data from the two studies done in this thesis indicate that as the diameter 
of MWNTs decreases and the concentration increases, harsher processing conditions are 
needed to create homogeneous composites. 
 The implications of this work can be compiled into Figure 4.1.  Figure 4.1 plots 
the change in the γ’-phase crystallization with the amount of γ’-phase in the neat 
polyamide 12 subtracted out.  This data are from the 10 °C/min cooling rate experiments 
only but are representative for the other samples.  As can be seen, the amount of 
increased γ’-phase crystallization increases non-linearly with the concentration of 
MWNTs.  From the graph, it appears that the 0.2 wt.% samples are in a linear regime 
where an increase in MWNT concentration results in a proportional increase in the 
amount of γ’-phase crystallization.  The linear regime could indicate that the MWNT 
concentration is in a region of isolated small agglomerates.  When the concentration is 
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increased, these agglomerates start interacting with surrounding agglomerates and 
possibly merge into larger agglomerates.  This phenomenon decreases the available 


































Figure 4.1:  A graph showing the increases in γ’-phase crystallinity over the neat 
polyamide 12 as a function of MWNT concentration.  The graph indicates that the 0.2 
wt.% MWNT samples are in a linear regime with isolated agglomerates. 
 
 
4.4 Future Work 
 There are some future work recommendations for this research.  It is 
recommended that the crystal forms observed in these studies be investigated to confirm 
the crystal forms present.  Researchers have used x-ray diffraction in the past to show the 
crystal forms explicitly.
24-25, 27






rates to attempt to separate the two peaks further.  These studies would help to understand 
the morphological changes happening in the MWNT composite systems. It would also be 
recommended that concentrations above 1.0 wt.% and below 0.2 wt.% be mixed to create 
a comprehensive set of data.  This research is a start to understanding the crystallization 
effects of MWNTs in polyamide 12 and should provide a base for future research. 
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APPENDIX 
Peak Fitting Data 
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